1. The time-course of the age-related decline in specific muscle force (maximum voluntary force per crosssectional area) in men and women was determined by measuring the maximum voluntary force and crosssectional area of the adductor pollicis muscle in 273 subjects aged 17-90 years (176 men, 30 premenopausal women and 67 peri-or post-menopausal women who were not receiving hormone replacement therapy). 2. To determine whether the loss of specific muscle force is hormone-dependent in women, we studied a further 25 women, aged 42-72 years, who were receiving hormone replacement therapy. 3. There was no significant difference in specific force between young men and pre-menopausal women. Around the time of the menopause there was a dramatic decline in specific force in women which was prevented by the use of hormone replacement therapy. In men the weakness started later (around the age of 60 years) and the decline in specific force was more gradual, reaching the level seen in postmenopausal women after the age of 75 years. 4. The protective effect of hormone replacement therapy on muscle strength is likely to be an important contributory factor to its proven action in preventing osteoporotic fractures. The dramatic peri-menopausal decline in muscle strength is a likely explanation for the known increases in falls and Colles' fractures around the time of the menopause.
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The overall weakness is of the order of 40% and its time-course has been investigated [2, 3, 71. Comparing measurements of grip-strength in male subjects reported over the past 150 years, it has been suggested that the onset of the weakness may now be occurring later, implying that environmental factors are capable of significant influence [S] . However, neither when the age-related decrease in specific force begins nor the time course by which it proceeds is known. Neither has the time course of the onset of muscle weakness in women previously been compared with that in men. We therefore report measurements of maximum voluntary force (MVF) and CSA in both men and women aged 17-90 years.
The cause of ?he specific loss of force is also unknown. We have tested the hypothesis that, in women, hormonal factors might contribute. This is suggested by the observations that patients with osteoporotic fractures have been shown to have specific muscle weakness [9, 101 , and that bone loss can be prevented by hormone replacement therapy (HRT). We have therefore compared the results obtained in peri-and post-menopausal women not taking HRT with measurements of MVF and CSA from a further group of women on HRT (aged 42-72 years).
Preliminary accounts of this work have been presented to the Physiological Society [ll-131.
INTRODUCTION
The muscle weakness associated with ageing has two components. There is weakness due to muscle atrophy [l-31, but a specific weakness of the remaining muscle of around 20% has also been shown by comparing maximum force with muscle cross-sectional area (CSA) in the adductor pollicis of young and elderly human subjects [4] and the hindlimb muscles of young and aged mice [S, 61. women, 67 peri-or post-menopausal women who were not receiving HRT and 25 women aged 42-72 years who were receiving HRT).
Subjects were excluded if they: (1) had pain or stiffness of movements of the thumb, (2) had clinically evident wasting of hand muscles, (3) had generalized cardiovascular or neuromuscular disease, or (4) were regularly taking medication likely to affect muscle function or motivation.
The women on HRT (combined sequential oestrogen/progestin, or oestrogen alone in the five women who had had a hysterectomy) had been on therapy between 1 and 25 years (7.8f 1.3 years, mean+SEM, n=25) and all except two had started peri-menopausally, one of these was 16 years postmenopausal, the other seven years post-menopausal, and they had received HRT for the last 9 and 5 years, respectively. The indications for HRT were menopausal symptoms or prophylaxis against osteoporosis.
Of the subjects not on HRT, five had received treatment a year or more ago for a short time (between 1 and 6 months); all these subjects were 5-17 years post-menopausal.
None of the subjects had had other treatment for osteoporosis. Subjects completed a simple activity questionnaire.
MVF and CSA measurements
MVF of the adductor pollicis of the right hand was measured using a force transducer mounted on a metal bar placed between the bases of the proximal carpal bone of the thumb and the metacarpal bone of the index finger [14] . CSA was determined by measuring the thickness of the hand in the plane that bisects the adductor pollicis muscle by the difference in output from two linear potentiometers which were moved over the skin [l5] . For each subject the MVF was a mean of four to nine maximum voluntary contractions and the CSA was a mean of two to four measurements. In this series mean coefficients of variations for each subject were 3.5% for MVF and 7.5% for CSA.
All subjects gave their informed consent. The study was approved by the ethical committees of University College London, University College Hospital and Hastings Health Authority.
Statistical analysis
significant differences between data. Unpaired Student's t-tests were used to test for regression lines nor the mean MVF/CSA values were significantly different. When the data for these subjects were pooled r was 0.86 (P<O.OOl).
Decline in MVF/CSA with age
In order to determine the time-course of the decline in specific muscle strength we plotted mean MVF/CSA for men and women in age groups spanning about 5 years (Fig. 2) . This again emphasized the absence of any difference between men and women up to the time of the menopause. Thereafter there was a dramatic decline in strength in women followed by little change, whereas in men there was a gradual decline which started much later (Fig. 2) . For each of the four age groups between 53 and 68 years of age, the MVF/CSA for women was significantly lower than that for men of the same age group (Fig. 2) . Only after the age of 75 years did the MVF/CSA produced by men and women once again reach the same level. Fig. 3 shows the effect of HRT on specific force with age. Specific force is plotted in age groups spanning about 5 years. Data from men and premenopausal women were pooled, there being no significant difference between their specific forces, in order to simplify the presentation of the data.
MVF/CSA with and without HRT
To directly compare women on HRT with those who were not, we had to match the groups for age. Comparing subjects between 49 and 73 years of age gave the same mean age of 60 years, the same mean length of time post-menopause (11 years) and same average age at the time of menopause (48 years). There was no significant difference between these two groups in height (no HRT: 1.63f0.01 m, n=35; HRT: 1.62+0.02m, n=21) or weight (no HRT: 66.7 f 2.0 kg, n = 35; H R T 62.0 f 2.8 kg, n = 21). None of the women in these two groups was a trained athlete or dancer and there was no difference in their activity scores. However, MVF/CSA was very different between the two groups: those not on HRT were significantly weaker 
DISCUSSION
The time course of the age-related decline in skeletal muscle MVF/CSA in men and women is very different. In men, MVF/CSA is maintained until the age of about 60 years, after which it declines. In women there is a dramatic reduction in MVF/CSA around the time of the menopause. This may elucidate the previously unexplained results of Winner et al.
[16] showing a peri-menopausal increase in falls and Colles' fractures. Muscle weakness is associated with falls [17] and intuitively the association seems particularly likely when the onset of the weakness is rapid.
The fact that the reduction in MVF/CSA seen in very elderly women ( > 75 years) has actually occurred in the peri-menopausal years suggests a sex-hormone-dependent change. We tested this by examining the MVF/CSA of post-menopausal women receiving HRT and found that the menopausal decrease in specific force was prevented. The fact that HRT protects against loss of muscle strength as well as bone loss [18, 191 suggests an important additional role for this treatment in the prevention of osteoporotic fractures.
The mechanism whereby hormonal changes result in loss of specific muscle force in ageing female muscle, which can be prevented by HRT, is speculative. We have previously shown that the specific decrease in force seen in very elderly subjects is not due to failure of activation [14] . In the mouse model the decreased maximum force/CSA seen in muscles from aged animals can be restored by applying a rapid stretch during the contraction [6]. This phenomenon is thought to result from a change in an equilibrium, at the level of the crossbridges, between high-and low-force states. When the muscle is being rapidly stretched all the crossbridges exert the same maximum force whichever state they are in at the onset of stretch [6, 201. Similar behaviour, that is decreased isometric force which can be restored by stretch, is also seen in fatigued muscle [21] and can be brought about experimentally by increasing intracellular Pi [22] or lowering H + concentration (pH) [23] . Observations so far suggest that there are no significant changes in Pi or pH in aged mouse [23a, 241. However, it remains a possibility &at hormonal influences could alter the sensitivity of the cross-bridges to such metabolites or that some other factor affects the cross-bridge reducing force development with ageing. Our current results show that in women oestrogen is able to prevent the action of this unknown factor.
The corresponding hormonal influence in men might be androgens or the relationship between androgens and oestrogen. Free testosterone levels decline in men from around 60 years of age [25, 261, which is consistent with the time course in reduction in MVF/CSA shown in the present study. This decrease in free testosterone is probably due to decreased Leydig cell mass and function [26] . The administration of testosterone to older men ( > 50 years) causes a general increase in muscle mass and strength but has no effect on young men, whereas castration is known to cause a reduction in muscle mass and strength [S] ; the effect on MVF/CSA has not been studied. In normal men, the peripheral aromatization of androgens is an important source of oestrogens. It is not clear what happens to the levels of oestrogens with age in men [25] and both androgens and oestrogens should be estimated in any study to investigate the possible role testosterone might play in maintaining MVF/CSA in men.
As well as oestrogen replacement preventing menopausal bone loss in women [18, 191, testosterone replacement therapy has been shown to restore bone mass in osteoporotic men [27] . It is not known if these are direct actions of the respective hormones on bone [27] . It is an intriguing possibility that the primary abnormality may be a hormone-related loss of specific muscle strength and that bone loss is secondary to this muscle weakness.
